Identifying whether an association exists between daily dietary polyunsaturated fatty acid (PUFA) consumption and the prevalence of glaucoma in the United States may provide modifiable dietary risk factors for the development of glaucoma.
G laucoma is the leading cause of bilateral irreversible blindness worldwide. 1 Known risk factors for glaucoma include family history, African American race/ ethnicity, female sex, and older age. 1 Currently, the only known modifiable risk factor for glaucoma is intraocular pressure, for which reduction serves as the target of medical and surgical therapies. Identification of other risk factors, especially those that are modifiable, may advance efforts to detect and treat glaucoma. Dietary polyunsaturated fatty acids (PUFAs) are associated with serum lipoprotein levels and inflammatory status. 2 The ω-3 and ω-6 fatty acids are subtypes of PUFAs and can only be obtained in the diet. 3, 4 The ω-3 fatty acids, with the first double bond on the third carbon position, include α-linolenic acid, eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) (Figure) . Both subtypes of PUFAs are highly concentrated in the phospholipids of cellular membranes, especially in the brain, heart, retina, and testes, 5 and are nutrients critical to human health and development. 4 Clinical trials have shown reduced levels of serum ω-3 fatty acid levels in patients with glaucoma compared with patients without glaucoma. 6 Recent studies have shown a decreased incidence of glaucoma in participants with a high ω-6 to ω-3 intake ratio. 7 The aim of our current study was to use the National Health and Nutrition Examination Survey (NHANES) database to assess whether an association existed between daily dietary intake of PUFAs and glaucoma in a sample of the US population. The present analysis included participants from the NHANES 2005-2008 who were 40 years or older, had completed the interview (including both vision health and dietary intake questionnaires), laboratory tests, and the eye examination portions of the study, and had available FDT visual field and optic disc photography results. Exclusion criteria included the following: (1) missing FDT visual field results or optic disc photographs or (2) documented alternative explanation for the cup-disc ratio (CDR) findings, such as dysplastic disc or marked anisometropia (cylindrical or spherical equivalents ≥2 diopters between adelphous eyes), or for a visual field defect from macular degeneration, retinal vascular disease, or cerebrovascular events. 10 A, α-Linolenic acid (18:3 ω-3) is a carboxylic acid with an 18-carbon (indicated as numbers below the structure) chain and 3 cis double bonds. B, Eicosapentaenoic acid (20:5 ω-3) is a carboxylic acid with a 20-carbon chain and 5 cis double bonds. C, Docosahexaenoic acid (22:6 ω-3) is a carboxylic acid with a 22-carbon chain and 6 cis double bonds. For all 3 structures, the first double bond is located at the third carbon (indicated by the numbers above the structures) from the ω end of the fatty acid chain.
Methods

Sample and Population
Key Points
Question Does an association exist between daily dietary intake of polyunsaturated fatty acids, especially ω-3 fatty acids, and the risk of glaucoma in the US population?
Findings In a cross-sectional population study of 3865 participants, increased daily levels of eicosapentaenoic acid and docosahexaenoic acid intake were associated with significantly lower risks of glaucoma. Daily levels of total polyunsaturated fatty acid intake in the higher quartiles, however, were associated with significantly increased odds of having glaucoma.
Meaning These findings indicate that longitudinal studies or randomized clinical trials assessing potential ω-3 fatty acid (eicosapentaenoic acid and docosahexaenoic acid) protection against glaucoma are warranted.
Outcome Measures
The primary outcome was the prevalence of glaucoma as defined by the Rotterdam criteria, 11 which uses a combination of optic nerve appearance and visual field defects. For NHANES, optic nerve appearance was assessed using optic nerve photographs, and glaucomatous visual field defects were assessed with FDT. A clinical diagnosis of glaucoma was defined as having 2 or more abnormal points (1 of which must be consistent between 2 consecutive tests) in at least 1 eye on the N30-5 FDT of 2 tests in the same eye 12 along with a CDR in 1 eye or CDR asymmetry between eyes of at least 97.5% of the mean NHANES population. 10 The Rotterdam criteria were chosen because of their ability to provide an objective clinical definition of glaucoma with available NHANES data, as reported in a recent study. 13 For NHANES, FDT examinations were conducted in the dark by trained technicians. Nineteen visual field locations were tested for each eye, and each location was tested until the participant responded. An eye was considered to have an abnormal visual field when at least 2 locations in both the first and second tests were below a 1% threshold level and at least 1 failed location was the same on both tests (2-2-1 algorithm). During each test, 3 false-positive tests and 3 blind spot tests were performed at random times as reliability checks. Participants were then classified as having normal, positive, insufficient, or unreliable FDT results. Those with insufficient or unreliable results were excluded from the study population. The CDR was determined with fundus photographs. The examination was conducted using two 45°nonmydriatic digital images of the retina captured by trained technicians. Trained graders at the University of Wisconsin assessed vertical CDR in each eye with digital images as they initially appeared on the back of the digital camera. Each image was reviewed by at least 3 of the 9 trained graders. If the CDR scores for at least 2 of 3 graders were within 0.1, the median value was assigned to the image. If there was a disagreement of at least 0.2 between any 2 graders, the image was re-reviewed in the presence of all graders and consensus was reached. consumption, an estimate of the daily aggregates of food energy and 63 nutrients and food components, including saturated and monounsaturated fatty acids and PUFAs, were recorded for each interview day. The mean values between each of those from the 2 interview days were used in this study.
Statistical Analysis
Sampling for NHANES occurs in 4 stages starting with the primary sampling units and followed by segments within the primary sampling units (usually city blocks), households, and individuals. Based on this multistage probability sampling design, data are weighted and adjusted for nonresponse to produce weighted estimates meant to be representative of the US population. All data analyses conducted in the present study were based on weighted estimates with sample weights provided by NHANES. 18, 19 Data are reported as weighted and nationally representative estimates of means and frequencies unless otherwise stated. Descriptive statistics were used to assess the baseline characteristics of the study population. Age, serum lowdensity lipoprotein cholesterol (LDL-C), and serum triglyceride levels were analyzed as continuous variables; sex, race/ ethnicity, household income, and educational level as categorical variables. Dietary PUFA consumption was analyzed as a continuous variable as well as in quartiles. Dietary PUFA subtype consumption was analyzed as a continuous variable. Glaucoma was assessed as a binary outcome based on the Rotterdam criteria. 10, 11, 13 The distribution or proportion of these variables was compared between participants with or without glaucoma (as defined herein) with designadjusted Rao-Scott (Pearson-type) χ 2 and Wald tests for categorical and continuous variables, respectively. Logistic regression modeling was used to examine the association between daily dietary PUFA consumption and glaucoma with confounders, including fatty acid subtypes, age, sex, and race/ethnicity as well as income, educational, serum LDL-C, and triglyceride levels. All analyses were conducted with SAS, version 9.3 (SAS Institute Inc), and 2-sided P values <.05 were considered statistically significant.
Results
The NHANES 2005-2008 data yielded a total of 83 643 392 weighted and 3865 unweighted participants who were 40 years or older and who had participated in the interview, laboratory, and examination portions of the study. Of these, 43 660 327 (52.2%) were women, and 3 076 410 (3.7%) had glaucoma as defined herein. 13 Compared with the group of participants without glaucoma, the group with glaucoma was composed of older individuals ( The association between participant average daily dietary intake of PUFAs and glaucoma was analyzed with a logistic regression model. Age, sex, race/ethnicity (Mexican, Hispanic, non-Hispanic white, non-Hispanic black, and other individuals), socioeconomic status in the forms of income and educational levels, serum LDL-C and triglyceride levels, and mean daily dietary intake of saturated and monounsaturated fatty acids were all potential confounders and were included in the models. We found that PUFA as a continuous variable was not statistically associated with increased or decreased odds of having glaucoma (odds ratio [OR], 1.03; 95% CI, 0.97-1.09).
Analysis of the associations between mean daily dietary intake of the different subtypes of PUFAs was conducted with 
Discussion
Our results indicated that lower levels of EPA and DHA intake were associated with glaucoma, as defined herein. A similar association was found previously by Ren et al, 6 who identified decreased EPA and DHA intake in participants with glaucoma compared with that in participants without glaucoma. They hypothesized that EPA and DHA modulate systemic microcirculation and ocular blood flow. 6 Nguyen et al 20 found
that increasing dietary ω-3 intake in animal models reduced intraocular pressure with age, which was hypothesized but not yet proved to be a result of increased aqueous outflow and reduced ocular rigidity from production of specific types of prostaglandins and docosanoids. 5, 20, 21 Vascular insufficiency in the forms of decreased blood flow and increased blood viscosity has been recognized as a potential risk factor in the pathogenesis of glaucoma. 22 It is thought that ω-3 fatty acids may reduce blood viscosity 23 by changing red blood cell membrane composition and plasma protein composition. 24 Acar et al 25 e Annual income level 1 indicates less than $50 000; 2, $50 000 to $75 000; and 3, more than $75 000. The odds of having glaucoma were nearly 3 times as high in participants whose daily dietary total PUFA consumption level was in the second and third quartiles compared with those whose intake was in the first quartile. Participants who had the highest quartile of daily PUFA intake also had odds of having glaucoma approximately twice as high as those whose intake was in the first quartile, although this result was not statistically significant. This finding, although apparently contradicting our finding that increased consumption of EPA and DHA was associated with glaucoma, suggests that even though certain subtypes of PUFAs may reduce the risk of glaucoma, excess PUFA consumption may not. Alternatively, the apparently discrepant finding may be secondarily associated with the ratio between ω-3 and ω-6 fatty acid intake. A previous study with a cohort of 17 000 patients showed an increased risk of glaucoma incidence in patients whose ω-3 to ω-6 intake is in the highest quintile compared with that for patients in the lowest quintile over an 8.2-year follow-up. 29 Because not all ω-3 or ω-6 subtypes were identified in NHANES, the ratio between the daily intake of ω-3 and ω-6 fatty acids could not be calculated in our study. Future prospective studies investigating ω-3 and ω-6 PUFA subtypes are necessary to examine this hypothesis.
Limitations
Our study has some limitations due to the observational and cross-sectional nature of an NHANES-database study. Crosssectional data prevented the investigation of temporal associations between dietary ω-3 fatty acid intake and the risk of glaucoma, which may hinder the interpretation of our findings because dietary intake may be either a risk factor for glaucoma or a consequence of lifestyle changes brought on by having glaucoma. Cross-sectional data also prevented the examination of an association of long-term dietary intake with glaucoma or of a potential causal association between them. Dietary intake was self-reported using a food frequency questionnaire, subjecting those data to recall bias and misclassification bias although these biases would not be expected to differ between participants with and without glaucoma. Our results may also be confounded by unmeasured factors, such as participant lifestyles, that may be related to the dietary intake. Although the Rotterdam criteria we used to define glaucoma has been validated as a useful tool to estimate the prevalence of glaucoma in population studies, it also has limitations. Specifically, the FDT and optic nerve diagnostic criteria that were used to define glaucoma in this study are subject to misclassification, with potential 9% false-positive and 6% false-negative rates. Although FDT for visual field loss detection has good sensitivity, it is not very specific, especially in early-stage glaucoma, which increases the rate of false-positives. 12 Similarly, CDR estimates do not discriminate well between glaucomatous and nonglaucomatous eyes. 30 In addition, accurate optic nerve head assessment can be limited by grader skill and by optic nerve characteristics, such as peripapillary atrophy, myopic degeneration, and small, large, or tilted optic discs. Furthermore, it is generally accepted that there is discordance between structural optic nerve changes and functional deficits detected by perimtery. 31, 32 Thus, by the time a defect is noted on perimetry testing, up to half of the ganglion cells may already be lost. [34] [35] [36] [37] Besides these diagnostic challenges, a thorough ocular examination to differentiate subcategories of glaucoma was not conducted for inclusion in NHANES data, and the association between dietary fatty acid intake and glaucoma subtypes may differ. The NHANES 2007-2008 survey used the FNDDS 3.0 to calculate the nutrient level from typical daily portions of dietary intakes. This database has a food description component, a food portion and weight component, and a nutrient component in which food energy and 63 typical nutrients are recorded but which are far from inclusive of all possibilities. The reproducibility of using FNDDS 3.0 to calculate nutrient level is unknown, which may introduce some bias into the final calculation of the daily nutrient intake. Moreover, supplementation levels of various fatty acids, including PUFA, were not calculated in the dietary questionnaire. An analysis with combined daily consumption of both dietary and supplementary PUFA and its association with the prevalence of glaucoma was not available. Given the increasing numbers of people who consume dietary supplements of ω-3 or fish oil, this may be a confounding factor that was not controlled for in our logistic regression analysis.
Conclusions
This study found that increased levels of daily dietary consumption of the EPA and DHA ω-3 PUFAs were associated with lower likelihood of a diagnosis of glaucomatous optic neuropathy in the NHANES 2005-2008 population. However, consumption of total PUFAs (including different types of ω-6 and ω-3) in the higher quartiles was associated with a higher risk of glaucoma. Because a causal association between daily ω-3 fatty acid (or PUFA intake in general) and the risk of glaucoma could not be drawn in this observational study, additional longitudinal studies or randomized clinical trials are warranted to extend these findings. The role of the dietary consumption of ω-3 relative to ω-6 fatty acid levels also needs further elucidation.
